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Abstract

Users in virtual environments often find navigation more difficult than in the real world. Our new 

locomotion interface, Improved Redirection with Distractors (IRD), enables users to walk in 

larger-than-tracked space VEs without predefined waypoints. We compared IRD to the current 

best interface, really walking, by conducting a user study measuring navigational ability. Our 

results show that IRD users can really walk through VEs that are larger than the tracked space and 

can point to targets and complete maps of VEs no worse than when really walking.

Index Terms

I.3.6 [Computer Graphics]: Methodology and Techniques—Interaction techniques; I.3.7 
[Computer Graphics]: Three-Dimensional Graphics and Realism—Virtual Reality; H.5.1 
[Information Interfaces and Presentation]: Multimedia Information Systems-Artificial—
augmented and virtual realities

1 Introduction

Navigation is important for virtual environment (VE) training applications in which spatial 

understanding of the VE must transfer to the real world. People navigate every day in the 

real world without problems, however users often find it challenging to transfer spatial 

knowledge acquired in a VE to the real world [7, 14, 8]. Development of locomotion 

interfaces that support navigation, both its wayfinding and locomotion components [5], is 

required for large VE exploration, and will improve VE training-transfer applications and 

reduce user disorientation.
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Previous research suggests that locomotion interfaces that provide users with vestibular and 

proprioceptive feedback improve user navigation performance and are less likely to cause 

simulator sickness than locomotion interfaces that do not stimulate both systems [3, 16]. 

Recent research also suggests that users navigate best in VEs with real-walking locomotion 

interfaces [16]. VE locomotion interfaces such as walking-in-place, omni-directional 

treadmills, or bicycles [9, 4], do not stimulate the proprioceptive and vestibular systems as 

effectively as really walking.

Real-walking locomotion interfaces enable better user navigation, however the user must be 

tracked, restricting the VE size to the size of the tracked space. Current interfaces that enable 

real walking in larger-than-tracked-space VEs include Redirected-Walking [15], scaled-

translational-gain [20, 21], seven-league-boots [10], and Motion Compression [12]. Each of 

these interfaces transform the VE or user motion by rotating or scaling. While 

transformations such enable large-scale real walking in VEs, the effect of transformations on 

navigational ability is unknown.

Additionally, with such techniques, users may attempt to walk out of the tracked space and a 

reorientation technique must be used [13]. Reorientation techniques stop the user and rotate 

the VE around the user to place the desired user path inside the tracked space. Previous 

research suggests that distractors, virtual objects or sounds in the VE, are promising 

reorientation technique because they are natural and preferred by users, and do not reduce 

presence [13].

We hypothesize that a locomotion interface that incorporates real walking, transformations 

of the VE around the user, and distractors, is a promising interface to support user-

navigation in large VEs. To test our theory, we developed Improved Redirection with 

Distractors (IRD), a real-walking locomotion interface, that enables users to freely walk in 

larger-than-tracked-space VEs. We evaluated our system using common navigation and 

wayfinding metrics. In this paper, we present IRD and compare it to the current best 

approach, real walking, through a user study. Our results show that users can navigate and 

wayfind no worse when using IRD compared to real walking.

2 Background

A review of large-scale real-walking interfaces and reorientation techniques can be found in 

[13]. Additionally, [2] proposed rotating and scaling step size for a building walk through in 

which participants locomote through “portals” that teleport to different rooms in the VE. 

The system is effective for locomoting through buildings, however teleportation hinders 

navigational ability [6].

Search tasks are commonly used for locomotion-interface evaluation exploring navigational 

ability and VE training-transfer of spatial knowledge [1, 18, 22]. Our search task evaluation 

includes naïve search, in which targets have not yet been seen, and primed search, in which 

targets have previously been seen. Point-to-target techniques, in which users are asked to 

point to previously seen targets within the VE that are currently out of view, are a measure 

of a user’s ability to wayfind within VEs [3]. Map completion requires users to place targets 

on a map that correspond with VE locations. Maps are often used because they are the 
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navigation metaphor for which people are most familiar [5]. We evaluate our interface 

through a user study measuring these common navigation and wayfinding metrics.

3 Improved Redirection with Distractors (IRD)

We designed and built Improved Redirection with Distractors (IRD), a locomotion interface 

that enables users to really walk in larger-than-tracked-space VEs. Our locomotion interface 

imperceptibly rotates the VE around the user, as in Redirected Walking [15], while 

eliminating the need for predefined waypoints by using distractors to stop the user when 

rotating the predicted user path back toward the center of the tracked space [13].

With IRD, the VE continuously and imperceptibly rotates around the user, attempting to 

keep the user’s immediate future path within the tracked space. The amount of imperceptible 

rotation added to the system is based on the angular speed of the user’s head turn, h. We 

rotate the scene based on head turn rate because user perception of rotation is most 

inaccurate during head turns [15]. We increase the total rotation of the VE based on a 

percentage of the user’s angular head turn speed, where our increased-rotation value, r, is 

based on previous work [17, 11]: 3% increase when rotating with head turn and 1% when 

rotating against head turn. This imperceptible increase in rotation is applied every frame. 

The direction of VE rotation is based on a steer-to-center algorithm in which the predicted 

user path (based average on user heading direction over the past second) is continuously 

steered toward the center of the tracked space [15].

We use distractors to keep users from walking out of the tracked space and redirect the 

user’s current path toward the center of the tracked space. When the user approaches the 

edge of the tracked space, a distractor appears, signaling the user to stop. The distractor 

moves back and forth in front of the user. Users have previously been instructed to turn their 

heads back and forth while watching the distractor. As the user is turning her head, the 

predicted path is rotated toward the center of the lab. Previous results suggest that users are 

less aware of increased rotation when focussing on visual distractors, therefore the 

percentage of increased rotation rate r is doubled when distractors are in use [13].

4 Experiment

We investigated the effect of IRD on navigation abilities comparing IRD to real walking 

(RW) in a between- subjects study. One of our study mazes is shown in Figure 3. The mazes 

were 8m × 8m and fit completely within our 9m × 9m tracked space. Participants in the RW 

condition really walked through the mazes without experiencing VE rotation or distractors. 

Participants in the IRD condition were restricted to walking in a physical space that was 

6.5m × 6.5m, and experienced continuous VE rotation and distractors.

We measured the distance participants walked, the angle between where participants pointed 

and the correct direction to the current target, and correctness of map target placement. 

Evaluation of IRD is based on being “no worse” than RW using 95% confidence interval 

equivalence testing. For each measure, if the 95% confidence intervals of the mean 

difference between IRD and RW falls within ± our predefined acceptable value of the 

difference, then IRD is no worse than RW [19].
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4.1 Participants

Twenty-two participants, 18 men and 4 women, with average age 26, participated in the 

IRB-approved experiment. Nine men and two women were assigned the RW condition, and 

eight men and two women the IRD condition. One participant’s data was not used because 

the participant appeared to not be trying. Not all participants were naïve to IRD, therefore all 

participants in the IRD condition were informed about the locomotion interface.

4.2 Equipment

Participants wore an nVisor SX HMD display (1280× 1024 resolution, 60° diagonal FOV). 

The tracker was a 3rdTech HiBall 3000. The environment was rendered on a Pentium D 

dual-core 2.8GHz processor machine with an NVIDIA GeForce GTX 280 GPU with 4GB of 

RAM. The application was implemented in our locally-developed EVEIL library that 

communicates with the Gamebryo® software game engine from Emergent Technologies. 

The Virtual Reality Peripheral Network (VRPN) was used for tracker communication.

4.3 Study Design

The experiment used three virtual environments: a training environment and two testing 

environments (Figure 3). The environments are 8m × 8m mazes with uniquely colored and 

numbered targets placed at specified locations, and have the same wall and floor textures. 

The location and number of targets change between environments. To increase complexity 

and remove orientation cues, some walls in the Part 2 maze are at angles other than 90° To 

account for training effects, participants completed trials in the same order. Participants 

were randomly assigned to RW or IRD conditions, and completed all experiment parts, 

including training, within the assigned condition. Participants read written instructions 

before beginning each section of the experiment and were advised to ask questions if they 

were unclear of tasks. Participants in the IRD condition were reminded that a ghost 

distractor might appear within the environment. If the ghost appeared, they were to take one 

step backward and turn their head to watch the ghost. Participants were allowed to continue 

walking once the ghost disappeared.

4.3.1 Training—The training task was a directed search in which participants used a hand-

held tracked device to select four targets in the maze. When a target was selected, a ring 

appeared around it and audio feedback was played to signify that the target had been found 

(Figure 2). Once participants had found the four targets, they were asked to stand inside a 

circle on the floor and practice pointing at a target 1.5m in front of them. The training 

session ended when the participant successfully pointed within 6cm of the center of the 

target.

After completing the training maze, participants removed the HMD filled in the missing 

targets on a 16cm × 16cm overhead view of the maze. The starting location was indicated 

and maps were presented such that the initial starting direction was away from the user. 

Participants placed a dot at the location corresponding to each target, and labeled each dot 

with the targets number or color. Participants were not given performance feedback during 

any part of the experiment.
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4.3.2 Part 1: Naïve Search—For Part 1, naïve search, participants were instructed to find 

and remember the location of the six targets within the maze. As soon as participants found 

all targets, the virtual environment faded to white and participants were instructed to remove 

the HMD. Participants then completed a map in the same manner as in the training part of 

the experiment.

4.3.3 Part 2: Primed Search—The maze and target locations for Part 2, primed search, 

can be seen in Figure 3. Participants first followed a directed priming path that led to each of 

the six targets. After participants reached the end of the priming path, they removed the 

HMD and moved, in the real world, to the starting point.

Participants put the HMD back on and were asked to walk, as directly as possible, to one of 

the targets in the maze. Once the specified target was reached, they were instructed to point 

to each other target in turn. After participants pointed to each target, they were instructed to 

walk to another target and to repeat the pointing task. If a participant could not find a target 

within three minutes arrows appeared directing them to the target. Once the participant 

reached the target, the experiment continued with the participant pointing to all other targets. 

After completing the search and pointing tasks, participants removed the HMD and 

completed a map.

4.4 Results and Discussion

Our hypothesis is that for large VEs, navigational and wayfinding abilities are no worse 

when using IRD than RW. We measured navigation by naïve and primed search, and by 

distance walked between targets. Wayfinding was measured by a point-to-target task and 

map completion.

4.4.1 Part 1: Naïve Search—We measured total distance traveled, and a trend suggests 

that participants walked greater distances using IRD than RW, t(19) = 4.08, p = 0.0577. 

Walking longer distances may suggest that participants in IRD were more lost, however 

participants in IRD had to re-walk parts of the maze when distractors appeared because they 

had to take one step backward, which may also explain this effect. One IRD participant’s 

path through Part 1 can be seen in Figure 1.

Placement of a dot on a map was scored as correct if placed within 2cm of the correct 

location, and on the correct side of walls. A correctly placed-and-labeled target had to be 

correctly placed, based on the rules above, and had to be labeled with the correct number or 

color. Scores were calculated as the percentage correct out of the number of targets in the 

maze.

We defined an acceptable variation between IRD and RW to be answering within one 

question, our smallest measurable unit, or 16.7%. The 95% confidence interval (CI) of the 

mean difference between percentage of correctly placed targets was (-4.6%, 27.7%), x̄ = 

11.5%, SE = 7.7%. Based on equivalence testing [19], as our predefined acceptable 

variation, 16.7%, is greater than the absolute value of our lower bound of the mean 

difference CI, we claim that, when performing a naïve search, participants in IRD are no 

worse than RW participants at placing targets on a map. That is, with 95% confidence, 
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participants in the IRD score no more than 4.6% lower (-4.6%) on the placement of targets 

than RW participants.

The 95% CI of the mean difference between conditions of the percentage of correct placing-

and-labeling targets was, (-21.4% and 38.9%), x̄ = 8.63%, SE = 14.3%. With 95% 

confidence, participants in IRD correctly place no fewer than 21.4% and no greater than 

38.9% of the targets. Since 21.4% is greater than 16.7% we make no claim about user ability 

of placing-and-labeling targets between conditions when performing a naïve search.

When performing a naïve search, participants in IRD traveled longer distances to find 

targets but were no worse than participants in the RW condition at correctly placing targets 

on a map.

4.4.2 Part 2: Primed Search—The priming path was the same for all participants, so we 

compared priming path distance between IRD and RW. We found participants traveled 

significantly greater distances, approximately 20% longer, in IRD when traveling the same 

virtual path, t(19) = 6.07, p = 0.023. That is, our IRD algorithm increases the total distance 

participants travel when following identical routes. This result also suggests that even 

though participants travel greater distances in IRD, they are not necessarily making wrong 

turns or revisiting corridors, and are not more necessarily more lost. We believe an 

improved steering algorithm will reduce the number of distractors and thus reduce the 

difference in distance traveled between IRD and RW. Further evaluation of participant 

routes may reveal insight into user navigation.

We evaluated the difference in distance traveled to each of the six targets. Based on average 

sum of the shortest paths between targets, and the difference in the priming path distance, 

we decided that if participants using IRD traveled no more than 2m compared to RW, then 

IRD performance was no worse than RW. Using a Mixed Model ANOVA for distance 

measures between targets, we found the 95% CI of the mean difference between IRD and 

RW was (−0.451m, 3.66m), x̄ = 2.055, SE = 0.809. With 95% confidence, we found that 

participants using IRD will travel no more than 3.66m further compared to RW, which is 

greater than 2m. We make no claim about distances traveled between IRD and RW.

The composite results of all pointing data are shown in Figure 4. Results from [8] suggest 

that in the real world people point within 33° of a target, and 66° when in a VE. Based on 

the difference of these results, we predetermined that IRD is no worse than RW if 

participants were able to point within 15° of those in RW. We evaluated the absolute angular 

difference between pointing and target location using a Mixed Model ANOVA. Results 

show that the 95% CI of the mean difference between participant pointing is (−8.074° 

8.165°), x̄ = 0.045, SE = 4.133. With 95% confidence, participants will point no less than 

−8.074° and no more than 8.165° when using IRD compared to RW. Since −8.074° > −15° 

and 8.165° < 15°, we conclude that pointing ability is equivalent between IRD and RW.

The total time participants took to point to targets can be seen in Figure 5. Since audio 

instruction time was greater than 1s, we predetermined that if participants could point within 

1s, IRD was no worse than RW. We used a Mixed Model ANOVA and found the 95% CI 
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between condition pointing time was (-1.153s, 0.811s), x̄ = –0.156, SE = 0.492. With 95% 

confidence, participants using IRD will take no more than 0.811s to point to a target. Since 

0.811s is less than 1s, we claim that IRD is no worse than RW for time taken to point to 

targets.

Map data was calculated in the same way as in Part 1. The mean difference between 

percentage of correctly placed targets was 95% CI (-35.2%, 36.4%), x̄ = 0.6%, SE = 017.1%. 

Since 35.2% is greater than 16.7%, we make no claim claim about target placement. The 

mean difference between conditions of the percentage of correct placing-and-labeling of 

targets was, 95% CI (-7.0% and 21.0%), x̄ = 7.0, SE = 6.9. With 95% confidence, 

participants in the IRD score no more than 7.0% lower on the placement of targets than RW 

participants. Since 7.0% is less than 16.7%, we claim that participants performed no worse 

in IRD than RW when placing and labeling targets on maps.

5 Conclusion

We have introduced a new large-scale real walking locomotion interface, IRD, and shown 

that users can navigate no worse when using IRD compared to the current best technique, 

real walking. We evaluated IRD by comparing it to real-walking, measuring user 

navigational ability.

For map completion, a wayfinding metric, our results show that users are no worse using 

IRD than RW when placing targets on a map after a naïve search and when placing and 

labeling targets on a map after a primed search. We also found that participants in IRD can 

accurately point to previously seen targets within ± 8° of participants using RW. Also, 

participants using IRD do not take longer to point to previously seen targets. This implies 

that, even with continuous imperceptible rotation of VEs, users can navigate no worse in 

IRD than RW.

A problem with IRD is that participants travel further when walking the same path 

compared to RW. This is due in part to the current distractor implementation. Improving the 

distractor algorithm to eliminate the extra step, and improving the steering algorithm should 

reduce participant walking distance in IRD.

We believe our results suggest that IRD is a promising interface for large-scale VE 

applications requiring user navigation.
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Figure 1. 
An IRD participant path in Part 1, the naïve search. The blue box is the tracked space and 

the red box is the VE. Left: real path over time (from dark to light). Right: virtual path over 

time (from dark to light). Center: Composite of left and right images with the final 

transformation applied to the VE and user’s virtual path.
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Figure 2. 
The virtual avatar hand selecting target 1, the red target.
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Figure 3. 
Part 2: Primed search. An overhead view of the maze and target locations of the maze used 

in Part 2. Participants started in the bottom left corner of the maze.
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Figure 4. 
The composite data of angular difference between pointing direction and target. The white 

angle lines are ±30°.
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Figure 5. 
Composite total pointing time between conditions.
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